Aerodynamic characteristics of a wing with a smart flap under the ground effect are studied through the integration of computational fluid dynamics. A parametric bending profile of a smart flap is designed considering different types of beams. Here, a cantilever beam with uniformly varying load with roller support at the free end is considered. The shape of the smart flap is fixed and its advantage comes from its smooth connection to the main wing. In this research, a pressure-based implicit procedure is used to solve Navier-Stokes equations. A non-orthogonal mesh with collocated finite volume formulation is utilized to simulate flow around the wing under the ground effect. First, the method is validated against experimental data. Then, the algorithm is applied for turbulent aerodynamic flows around a wing with smart and conventional flaps for different flap angles and ground clearance. The results of the two wings are compared. It is found that the pressure coefficient distribution for a wing with smart flaps is smoother than that of a wing with conventional flaps, and tip vortexes of the flap and wing diminish for low ground clearance. Finally, the maximum lift-to-drag ratio (L/D) is obtained for a smart wing when the angle of flap (AOF)=7.5˚ and h/c=0.3.
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Introduction
Today, the speed of travel is faster than ever before. New means of transport are usually faster than the ones they replace. Wing-in-ground (WIG) crafts are an example of a means of transport that can achieve high speeds. Speeds of WIG crafts are much higher than ship speeds, and overall operational expenses are lower than planes. Another WIG craft is the aero-train. The aero-train has been proposed to solve a series of environmental problems relating to transportation. The concept of this new high-speed ground transportation aero-train has been created as an attempt to establish a zero-emissions high-speed vehicle. WIG vehicles reduce aerodynamic drag and lead to high energy-efficiency. The WIG effect occurs when flying very close to the surface. When a wing approaches the surface, due to the ground effect, the lift is increased and drag is decreased, leading to a higher lift-to-drag ratio (L/D). There have been many successful investigations on the aerodynamics of airfoils and the WIG effect. Rozhdestvensky 1) reviewed WIG-effect craft. In addition, Hee et al. 2) investigated the aero-numeric optimal design of a WIG-effect craft. Recent wind tunnel experiments studied the variation of angle of attack (AOA) and effect of h/c on the aerodynamic characteristics for symmetrical airfoils NACA0015 and NACA4412 near the ground. 3, 4) These studies were developed using fixed and moving ground in a wind tunnel. 5) Matsuzaki et al. 6) performed an investigation on unsteady variation of ground clearance. This experiment and previous experiments were conducted as part of aero-train projects. Divitiis demonstrated the dynamics of vehicles that intentionally operate in the ground proximity. 7) Moon et al. 8) simulated a three-dimensional (3D) WIG effect for an aero-levitation electric vehicle. Jung et al. 9) tested the aerodynamic characteristics of NACA6409 in the ground proximity. Angle et al. 10) focused their research on pitch stability analysis of an airfoil in the ground effect. Park et al. 11) presented optimization of an airfoil under the ground effect and considered NACA0015 as a baseline model. A study on the effect of ground proximity on the aerodynamic performance and stability of a light unmanned aerial vehicle was performed by Boschetti et al. 12) Lee et al. 13) carried out shape optimization using a multi-objective genetic algorithm and analysis of the 3D WIG effect. Conventional wings have been used in e most WIG vehicles. Since WIG vehicles have not utilized smart materials, the application of a smart flap in WIG vehicles is one innovation in this paper. Although smart material technology was introduced approximately ten years ago, it has been developed and used widely in different fields. New smart material technology in the aerospace industry was first initiated in 1969. More than one million of these connections have been applied in military aircraft since 1969. With the advancement of materials, many are now considering using smart materials to produce airfoils with variable-camber capabilities. NASA conducted an analytical study on the benefits of variable-camber capabilities. 14) In 2003, Forster et al. 15 ) designed a two-dimensional (2D) airfoil with a control surface at the trailing edge that has chord wise geometrical changes. In addition, a joint project was carried out by the US aerospace research center (NASA) and the Germany aerospace research center (NGC) in the field of smart wing applications. 16) Recently, a multi-blade fan with smart materials (memory alloy) and variable intake by electrical stimulation has been suggested. 17) Another advantage of using smart materials is in reducing vibration of helicopter blades. 18) The noise produced by airplanes and helicopters can be decreased with smart materials. 19) In 2010, Barlas and Vankuik introduced a new idea about using smart technology in wind turbines. 20) 23) predicted flatter in smart wings. Active control of the piezoelectric piece can delay the flatter phenomenon. 24) Gern et al. 25) succeeded in making such a device and showed that it can twist these wings more than other wings. This increases maneuverability and improves controllability. Smart materials could be used as wing skins. These wings are called flexible wings. Majji et al. 26) examined a flexible 3D wing. Ermira and Watkins 27) succeeded in making adaptive airfoils using shape memory alloy (NiTi) and flexible skins. Wickramasinghe et al. 28) made a flight device with ribs using piezoelectric fiber. Ermira et al. 29) studied an adaptive airfoil system using Shape memory alloy actuators with a wind tunnel test.
In all of the above studies, the effect of the smart wing in the ground effect has not been assessed. To improve aerodynamic coefficients, the smart wing can be used near ground. The objective of this research is to investigate the smart and conventional flaps in the ground effect. Thus, the effects of the flap angle and ground clearance on airfoils and wings are investigated for smart and conventional flaps. Comparisons are performed between smart and conventional flaps. The vortexes behind wings with smart and conventional flaps are discussed, and the 2D and 3D simulations are compared.
Numerical Solution Setup and Conditions

Smart flap deflection simulation
In this study, smart flap deflection is designed with a cantilever beam so that the beam bending equation is the same smart flap chord deflection. Since the flap shape is triangular, cantilever beams with uniformly varying load are considered. Djavareshkian et al. 30) also used the same profile. Figure 1 compares the smart flap with the conventional one. 
Governing equation for fluid
The basic equations that describe conservation of mass, momentum and scalar quantities can be expressed in the following vector form. They are independent in the coordinate system used.
݀݅‫ݒ‬൫ߩܸ ሬԦ ൯ ൌ ܵ (1)
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The latter two are usually expressed in terms of basic dependent variables. The stress tensor for a Newtonian fluid is:
The Fourier-type law usually gives the scalar flux vector: ‫ݍ‬ Ԧ ൌ ߁ థ ݃‫݀ܽݎ‬ሺ߶ሻ (5) For the purpose of illustration, Eq. (3) may be expressed in 3D Cartesian coordinates as:
Turbulence is accounted for by adopting the Spalart-Allmaras turbulence model. The governing equations for these quantities are:
The turbulent viscosity and diffusivity coefficients are defined as:
Here, ߪ ௩ is a constant and the generation term G and dissipation term Y in Eq. (7) are defined as:
Finite-volume discretization
The discretization of the above differential equations is carried out using a finite-volume approach. First, the solution domain is divided into a finite number of discrete volumes or cells, where all variables are stored at their geometric centers. The equations are then integrated over all the control volumes utilizing the Gaussian theorem. The discrete expressions are presented to refer to only one face of the control volume, namely, ݁, for the sake of brevity.
For any variable ߶ (which may also stand for the velocity components), the result of the integration yields:
Where ‫'ܫ‬s are the combined cell-face convection ‫ܫ‬ and diffusion ‫ܫ‬ fluxes. The diffusion flux is approximated by central differences and can be written for cell-face ݁ of the control volume as: ‫ܫ‬
Where ܵ థ stands for the cross derivative arising from mesh non-orthogonality. The discretization of the convective flux requires special attention and it causes various schemes to develop. A representation of the convective flux for cell-face ݁ is: ‫ܫ‬ ൌ ሺߩܸ‫ܣ‬ሻ ߶ (14) The value of ߶ is not known and it should be estimated from the values at neighboring grid points by interpolation. The expression for ߶ is determined by the second-order Upwind scheme.
Results and Discussion
In this paper, the main emphasis is on the simulation of incompressible flow around the smart and conventional airfoils and wings. The effects of the smart and conventional flaps are assessed for a 2D airfoil and wing close to the ground.
First, the 2D simulation is disccused. The simulation is steady state, and incompressible, and the Reynolds number is 2.4×10 5 . The Reynolds number indicates that airflow has turbulent regions. For the numerical simulation, independency of the domain and mesh should be considered, then a part of results must be compared with the experimental data for validation. The grid structure in the 2D simulation is created by a H mesh (see Fig. 2(a) ). The schematic shape of the domain is shown in Fig. 2(b) . The dimension, of the domain are obtained after using a number of various lengths for b, f and u, and independent lengths are chosen. The grid sizing is determined after grid independence that it is found by conducting several different trials. Figure 3 shows the grid independent results at AOA=10° and h/c=0.2 for NACA0015 without a flap. For other cases, the above process is utilized for grid and domain independence.
In the actual problem, the ground is moving with respect to the WIG craft but in usual experimental tests, ground is fixed. The effect of the moving ground is investigated in Ref. 31 ). The results demonstrate that there is no difference depending on whether the ground is moving or fixed. Altogether, it is not an important factor in simulation. Based on this result, fixed ground is chosen in the present work.
For the validation of the 2D simulation, a numerical study of flow around the NACA0015 without a flap was performed and the results were compared with experimental results.
4) The comparisons are plotted in Figs. 4(a) and 4(b). Figure 4(b) indicates the drag coefficient difference between experimental and numerical results. Similar observations were made in previous published reserch. 32) In the numerical study, the boundary condition has to be defined. According to Fig. 2(b) , at the inlet, velocity is specified. At the outlet, the pressure is fixed. Slip boundary conditions are used on the upper walls of the domain and no slip conditions are used for the airfoil surface and the ground surface. Next, The 3D simulation is discussed. The simulation is steady state and incompressible, and the Reynolds number is 3.4×10 5 . For the 3D simulation, the independency of the domain, mesh, and validation are performed. The structured mesh is used in the 3D simulation, except in the tip surface zone, where the unstructured mesh is utilized (Fig. 5) . In this study, the flow around the wing when aspect ration (AR)=2 and for section NACA6409 (without flap) is simulated. Sundry lengths for b, f, u and l are chosen to find the independent domain. The effects of grid sizing and the dimensions of the domain are presented in Table 1 . According to these results, case (I) is chosen for the 3D simulation. The boundary conditions include velocity at the inlet and pressure at the outlet. Slip boundary conditions are applied at the upper, left and right boundaries and no-slip boundary conditions are used for the wing surface and ground surface. For validation, the flow around the wing when AR=2 and for section NACA6409 (without flap) is simulated and the results are compared with experimental data.
9) The lift and drag coefficients in the experimental data and present computational results are plotted in Figs. 6(a) and 6(b), respectively. These figures demonstrate good agreement between the current numerical result and experimental data. After the grid, domain independency and validation of the 2D and 3D simulations, the effects of the smart and conventional flaps for the 2D and 3D cases are investigated. In the 2D simulation, the flow around the NACA0009 with a smart and conventional flap is performed according to the specified numerical method. In the simulation, the flow around the wing when AR=2 and for cross-section NACA0009 is analyzed. The Reynolds number for these simulations is 3.4×10 5 . According to applications of WIG effect, the span of the flap chosen is half the wing span and the flap length is 0.3 chords (see Fig. 5 ). For all of these cases, AOA is 2.5°. than that of the conventional flap. The reason is a higher lift coefficient in the smart flap. In the conventional case, there is undershooting in the pressure distribution at the junction of the flap and the airfoil. Figure 8 shows the pressure distribution on the surface of a wing root when h/c=0.3 and AOF=7.5˚ for smart and conventional flaps. It can be observed that the pressure distribution at the root surface of the wing has similar behavior to that of a 2D airfoil with two flaps, but the pressure difference on the mentioned surface is lower than that of the 2D case. Figure 9 indicates the effect of AOF on the pressure coefficient at the cross-section of z/b = 0.25 (half span of flap zone) for the conventional condition. Comparisons show that the pressure coefficient difference on the lower and upper surfaces is increased for higher AOF. The flap is an obstacle in the flow passage between the lower surface of the airfoil and the ground surface. Inncreasing AOF causes a larger impediment and it leads to higher ram pressure. On the other hand, the pressure is decreased on the suction side as AOF and the curvature of the upper surface increases.The same results have been obtained for the cross-section of z/b=0.75 under the same condition and is shown in Fig. 10 . The pressure distribution on the flap zone influences the on-flap zone and overshoots it (marked with a circle). 12(a) and 13(a) that the wake flow is weaker for longer distances from the trailing edge, because the velocity variation is lower for x/c=3 and h/c=0.8. It is interesting to note that the wake profile diminishes at x/c=3 and h/c=0.3 in the 3D wing while this does not occur in the 2D airfoil in this condition. In addition, the comparisons of Figs. 13(a) and 13(b) show that the diminishing of wake flow in the 3D cases occurs when h/c=0.3 and does not occur when h/c=0.8. It can be understood from these discussions that: 1) the wake flow is weaker for larger distances from the trailing edge, 2) the wake flow is stronger for the 2D airfoil than it is for the finite wing, and 3) the ground effect causes wake flow to diminish. (a) h/c=0.8 (b) h/c=0.3 Fig. 13 . Velocity profile behind the smart airfoil and wing for z/b=0, x/c=3 and AOF=7.5º.
The comparisons of wake profiles for the 2D and 3D cases show that for the same ground clearance the wake region of the 2D airfoil is a greater height from the ground than that of the 3D wing. Figures 14(a) and 14(b) demonstrate the stream lines around the wing for z/b=0 (root plan cross-section) and airfoil. These figures illustrate that the stream lines in the root plan of the wing are in a downwards direction due to the vertical component of the downwash velocity around the wing. For this reason, the velocity profile behind the airfoil and wing have different heights for the same h/c.
The contours of the pressure coefficient distribution on the surface of the wing for AOF=7.5° and h/c=0.2 for smart and conventional flaps are presented in Figs. 15 and  16 , respectively. Note the junction of the flap and the wing zone that it is marked with a circle. Comparisons show that the density of the contour lines at the flap joint in the conventional wing is more than that of the smart wing. Lower pressure gradient delays the separation. This is another advantage of the smart wing. Figures 17 and 18 illustrate the vorticity magnitude of flow behind the smart and conventional wings at x/c=2 and h/c=0.8. These figures show the tip vortex. It can be seen that the flap tip vortex of the smart wing is stronger. Stronger vortex induces higher downwash velocity. Figures 19 and 20 show the y-velocity (induced downwash velocity) on the smart and conventional wings. It can be seen that the value of the y-velocity in the flap tip zone is approximately -0.8 in the smart flap and -0.6 in the conventional flap. It is predicted that the induced drag of the smart wing is higher than that of the conventional wing.
(a) (b) Fig. 14. Stream lines behind (a) the smart airfoil and (b) wing at z/b=0, AOF=7.5º and h/c=0.8. Fig. 15 . Contours of the pressure coefficient distribution on the surface of the smart wing for AOF=7.5º and h/c=0.3. Fig. 16 . Contours of the pressure coefficient distribution on the surface of the conventional wing for AOF=7.5º and h/c=0.3. Figures 21 to 24 demonstrate the velocity vector (stream line) and y-velocity (Induced downwash velocity) contours behind the conventional wing for the y-z plane. 21 to 24 indicate that the induced velocity becomes weaker as the distance behind the wing is increased. As can be observed in Fig. 24(a) , for x/c=4 and h/c=0.3, the flap tip vortex is diminished and it is combined with the wing tip vortex while it existed in this zone for h/c=0.8. This shows that the tip vortex of the flap and wing diminish for low ground clearance. As discussed in previous paragraphs, the smart flap has a stronger flap tip vortex and induced drag that is higher than in the conventional flap, but the lift is increased due to the smart flap and as a result, the L/D is increased. Using the smart wing in the ground effect leads to a weaker flap tip vortex, an interesting finding. On the other hand, applying the smart wing in ground proximity reduces the disadvantage (stronger flap tip vortex) of the smart flap, an interesting finding in terms of applications. Table 2 (a) represents the lift and drag coefficients for the NACA0009 airfoil with a flap for different AOF and h/c for the smart and conventional flap cases. The lift force is higher for lower ground clearances. In addition, it can be seen that in all of these cases, the lift coefficient of the smart flap is higher than that of the conventional one. A maximum lift coefficient value of nearly 0.8425 is obtained in the smart airfoil for AOF=7.5 o and h/c=0.3. In Table 2 (b), the results of drag coefficients for different AOF and h/c are presented for both the smart and conventional airfoils. It can be seen that the drag coefficient increases slightly with increased ground clearance. The drag coefficient of the smart airfoil is lower than that of the conventional one. Tables 3(a) and 3(b) show the lift and drag coefficients for the wing with NACA0009 section for different AOF and h/c. In all of these cases, the lift coefficient of the smart flap is higher than that of the conventional one. These results are similar to the results of the 2D airfoil. A maximum lift coefficient value of nearly 0.306 is obtained in the smart wing at AOF=7.5˚ and h/c=0.3. Lift coefficients of the finite wing are considerably smaller than the lift coefficients in the 2D airfoil. This is due to lower pressure difference between the upper and lower surfaces of wing compared to in the 2D airfoil. The lower pressure difference between the upper and lower surfaces of wing is due to the secondary flow. In Table 3 (b), the results of drag coefficients for different AOF and h/c are presented for both the smart and conventional wings. It can be observed that the drag coefficient is smaller for lower ground clearance. These coefficients for the 3D wing are higher than for the 2D airfoil due to the induced drag. It is interesting to note that the drag coefficient of the smart wing is higher than that of the conventional wing, while there is a different observation for the 2D airfoil. As seen in the preceding section, the flap tip vortex of the smart wing is stronger than that of the conventional wing. The strong flap tip vortex of the smart wing induces a large amount of downwash velocity on the wing, especially in the flap tip zone. This phenomenon is shown in Figs. 19 and 20 . This leads to a larger amount of induced drag. This is a disadvantage of the smart flap in the wing compared with airfoil. Table 3 (c) presents the variations in L/D for varying h/c and AOF for both the smart and conventional wings. The L/D is increased due to the ground effect and it is higher for the smart wing. These results are similar to those observed for the 2D airfoil. The maximum L/D is obtained in the smart wing for AOF=7.5° and h/c=0.3. (a) 
Conclusion
In the present research, a detailed investigation of the aerodynamic characteristics of the 2D airfoil and the 3D wing in the ground effect was carried out. The effects of the smart and conventional flaps were discussed. The study was performed on a 2D airfoil and 3D wing with a flap while varying AOF and ground clearance at a fixed AOA. From the results, it was found that the AOF, the ground clearance and whether a smart or conventional flap is used have a strong influence on the aerodynamic performance of the airfoil and wing. The main findings can be summarized as follows: 1) The pressure coefficient distribution in the wing with a smart flap was smoother than for the wing with a conventional flap. 2) low ground clearance diminished the tip vortex of the flap and wing, 3) the maximum L/D was obtained for the smart wing for AOF=7.5° and h/c=0.3 and 4) the combination of smart technology and the ground effect is an interesting finding in terms of applications.
